Introduction
============

Nasopharyngeal carcinoma (NPC) is an endemic disease and radiotherapy (RT) is the mainstay method for treatment.^\[[@R1]\]^ Despite a high 5-year overall survival rate, the survivors of NPC always develop neurocognitive complications such as memory loss, cognitive impairment, and neuropsychological dysfunctions.^\[[@R2]--[@R4]\]^ These neurocognitive complications can be long lasting and can greatly affect the patients' living quality.^\[[@R5]\]^ With the development of RT technology, the radiation dose on brain tissue has been greatly decreased, and the number of patients with brain tissue necrosis has been greatly reduced.^\[[@R6],[@R7]\]^ However, neurocognitive complications can still be observed in surviving NPC patients without overt cerebral morphologic injury.^\[[@R8]\]^ In fact, based on previous experimental data in rodent models, a radiation dose lower than 10 Gy is sufficient to cause cognitive dysfunction, although it is far from the lethal dose limit.^\[[@R9],[@R10]\]^ This reminds us that the radiation affecting brain tissue may involve both morphologic and functional aspects.

Previous researchers have proven that radiation can affect brain functions in neuronal dendritic complexity, synaptic protein levels, and neurotransmitter alterations using *ex vivo* animal slices.^\[[@R11],[@R12]\]^ As *in vivo* study has shown that radiation is associated with functional brain alterations in patients with acute lymphoblastic leukemia after cranial RT,^\[[@R13]\]^ but until recently, little was known about the impact of radiation on the functional alterations in NPC patients after RT. Recently, a research team has suggested that radiation can induce functional connectivity (FC) alterations using two independent samples (one group comprised untreated NPC patients and the other comprised NPC patients 6 months after receiving RT), but it is still difficult to directly and objectively demonstrate the functional changes because it is hard to avoid various confounders from two different samples in these studies.^\[[@R14],[@R15]\]^

Resting-state functional magnetic resonance imaging (fMRI) has been reckoned as a powerful tool to investigate brain functional information under normal or pathological conditions and is easier to implement in clinical studies.^\[[@R16]\]^ The amplitude of low-frequency fluctuations (ALFF) (0.01--0.08 Hz) in the blood oxygenation level-dependent signal in resting-state fMRI data is thought to reflect spontaneous neural activity.^\[[@R17]\]^ Because the ALFF does not require a predefined region of interest and could be used for coordinate-based meta-analysis, it has been widely employed to study abnormal brain activities in many brain disorders.^\[[@R18],[@R19]\]^ In addition to the ALFF, resting-state fMRI could also provide information about the FC of the whole brain, which is an analysis of the cross-correlations between spatially remote regions allowing the integrity of distributed brain networks to be examined.^\[[@R20]\]^

In the present investigation, resting-state fMRI was used to reveal cerebral alterations in both neural activity and FC in NPC patients who have received RT, with the purpose of exploring whether RT could lead to brain function alterations in the short-term, providing promising novel neuroimaging approaches to investigate radiation effects and trying to explain late radiation effects such as neurocognitive deficits in NPC patients without overt morphologic changes.

Methods
=======

Ethical approval
----------------

The study was conducted in accordance with the *Declaration of Helsinki* and was approved by the local ethics committee of the National Cancer Center/Cancer Hospital, Chinese Academy of Medical Sciences, National GCP Center of Anticancer Drugs (NCC2014G-41). Informed written consent was obtained from all the participants prior to their enrollment in this study.

Participants
------------

In this study, 42 right-handed individuals were recruited from our department from September 2014 to December 2016, including 22 newly diagnosed NPC patients and 20 healthy comparison controls. All the NPC patients had specific pathological examinations and were diagnosed by experienced radiologists (stages T2--T4). Healthy controls were recruited by poster advertisement with the age, gender, weight, handedness, and years of education matched to the NPC group \[Table [1](#T1){ref-type="table"}\]. All controls were confirmed for the lifetime absence of psychiatric illnesses. Additionally, control participants were interviewed to ascertain that there was no history of psychiatric illness in first-degree relatives. The following exclusion criteria were applied to all the participants: distant metastasis, history of RT or chemotherapy, induction chemotherapy, organic brain disorder, drug or alcohol abuse, pregnancy or any physical illness, such as hepatitis, cardiovascular disease, and epilepsy or neurological disorders, as assessed by interview and review of medical records.

###### 

Demographic information and neurocognitive tests scores for NPC patients and healthy controls.
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All NPC patients received resting-state fMRI scanning 1 day before the initiation of RT (baseline) and 1 day after the completion of RT treatment. The two scanning intervals were approximately 7 weeks. Controls were scanned only once to define the range of normal function because in an independent pilot study of 10 healthy participants scanned twice using the resting-state paradigm with a 7-week interval, we found no significant changes in the ALFF (*P* \> 0.05). This observation is consistent with the previous studies, indicating a high level of consistency over time in resting-state ALFF measurements in healthy individuals.^\[[@R21]\]^ Brain magnetic resonance images (T1-weighted and T2-weighted images) were inspected by an experienced neuroradiologist, and no gross abnormalities were observed in any participant.

Neurocognitive tests, including the Montreal Cognitive Assessment (MoCA), self-rating depression scale, self-rating anxiety scale, and auditory verbal learning test (immediate recall, delayed recall, and delayed recognition), were administered to every NPC patients 1 day before the initiation of RT and 1 day after the completion of RT \[Table [1](#T1){ref-type="table"}\]. One physician, who had been trained by an experienced clinical psychiatrist, obtained these neurocognitive tests results from all of the participants.

fMRI data acquisition
---------------------

All participants were scanned on a 3T magnetic resonance scanner (Discovery MR750; General Electric Medical Systems, Milwaukee, WI, USA) and were required to close their eyes throughout the entire scanning time. High-resolution T1-weighted volumetric 3D images were obtained using a spoiled gradient recall sequence (repetition time \[TR\] = 8.5 ms, echo time \[TE\] = 3.2 ms, flip angle = 12°, slice thickness = 1 mm) with an eight-channel phased-array head coil. A field of view of 240 mm × 240 mm was used, with an acquisition matrix comprising 256 readings of 256 phase-encoding steps and an in-plane resolution approximately 1 mm × 1 mm. The values for the ALFF of the blood oxygenation level-dependent signal were obtained using a gradient-echo echo-planar imaging sequence (TR/TE = 2000/30 ms; flip angle = 90°). The slice thickness was 5 mm (no slice gap), with a matrix size of 64 mm × 64 mm and a field of view of 240 mm × 240 mm, resulting in a voxel size of 3.75 mm × 3.75 mm × 5 mm. Each brain volume comprised 30 axial slices, and each functional run contained 200 image volumes. Two patients and three controls with excessive head motion (translation of more than 1.5 mm or rotation of more than 1.5°) were excluded, resulting in samples of 20 patients and 17 controls in statistical analyses.

ALFF calculation
----------------

The ALFF was calculated using Data Processing Assistant for Resting-State fMRI (DPARSF, version 4.0, Beijing China), implemented with MATLAB toolbox ([http://www.rfmri.org](http://www.rfmri.org/)).^\[[@R22]\]^ Briefly, after converting DICOM files to NIFTI images, the first 10 time points were removed. Next, slice timing and head motion correction were performed. The data were then realigned and normalized using a standard echo-planar imaging template and resampled to a 3 mm × 3 mm × 3 mm voxel size. After smoothing with a 6-mm Gaussian kernel, the time series were transformed to the frequency domain using fast Fourier transform, and the power spectrum was acquired. The averaged square root of the activity in this frequency band (0.01--0.08 Hz) was taken as the ALFF. For standardization purposes, ALFF maps of each voxel were divided by the global mean ALFF value to standardize the data across participants.

FC analysis
-----------

For the FC calculation, a seed voxel correlation approach was used.^\[[@R23]\]^ Based on the ALFF analysis results, the peak MNI coordinate with a spherical radius of 6 mm was defined as a seed. The detailed analyses were as follows. The resting-state fMRI Data Analysis Toolkit (REST, version 1.8, [http://www.restfmri.net](http://www.restfmri.net/)) was used for FC calculation.^\[[@R24]\]^ After bandpass filtering (0.01--0.08 Hz) and linear-trend removal, a reference time series for the seed was extracted. Correlation analysis was carried out between the seed and rest of the brain in a voxelwise manner. We removed components with high correlation to cerebrospinal fluid or white matter or with low correlation to gray matter, which are thought to be associated with artifacts such as cardiac-induced or respiratory-induced variations. The correlation coefficients in each voxel were transformed to *z* values using the Fisher *r*-to-*z* transformation to improve normality. Spatial smoothing was applied with an 8-mm^3^ full-width half-maximum Gaussian kernel. Next, the connectivity maps were obtained for statistical calculation.

Radiotherapy
------------

All patients were treated with the intensity modulated radiation therapy technique randomly using the Varian-600CD (Varian Medical Systems, Palo Alto, CA, USA) or Helical TomoTherapy (Accuray Inc., Sunnyvale, CA, USA) linac with a prescribed dose of 70 to 80 Gy in 33 to 36 fractions. The treatment plans were designed on Pinnacle^3^ 9.0 treatment planning systems (Philips, Fitchburg, WI, USA) or TomoTherapy Planning System (Accuray Inc., Madison, WI, USA) using computed tomography datasets with a 3-mm slice thickness. The beam energy for all plans was 6 megavolt, and the ultimate goal of optimization for an individual patient plan was that the dose to organs at risk (OARs) can be kept as low as possible while maintaining optimal target coverage and dose uniformity to the target. Twelve of 20 patients received RT concurrent with chemotherapy, depending on their grade of disease.

Statistical analysis
--------------------

The primary analyses involved a comparison of patients before and after RT in terms of regional cerebral ALFF values and FC by the seed voxel method. Paired *t* tests were used to calculate the significant differences, with a threshold *P* \< 0.05. Secondary analyses separately compared the data before and after RT with the data from healthy participants. These analyses used independent *t* tests, and a significant statistical threshold was set at *P* \< 0.05 (for the comparison of ALFF values). For the comparison of FC, we chose *P* \< 0.001 as the significant statistical threshold based on the present statistical results. All statistical analyses were performed using REST software, and all statistical threshold *P* value were corrected by multiple comparisons with the AlphaSim program, which is implemented in REST software based on the Monte Carlo simulation in AFNI software. Demographic information and neurocognitive test comparisons between patients before and after RT and with healthy controls were adopted using independent *t* test (two samples) and analysis of variance (three samples) in SPSS, version 22.0 (SPSS Inc., Chicago, IL, USA), with a threshold of *P* \< 0.05.

Results
=======

Demographic and neurocognitive tests
------------------------------------

Table [1](#T1){ref-type="table"} summarizes and compares demographic information of the participants. There were no significant differences between the NPC patients and healthy controls in terms of age, education, weight, gender, and handedness. For neurocognitive tests, there were no significant changes in patients before and after RT and healthy controls \[Table [1](#T1){ref-type="table"}\], a finding that was not surprising given the short time interval.

Regional cerebral functions
---------------------------

After treatment, ALFF values in patients decreased in the bilateral calcarine sulcus and the lingual gyrus, cuneus, and superior occipital gyri \[Table [2](#T2){ref-type="table"} and Figure [1](#F1){ref-type="fig"}\]. Relative to the controls, patients showed no significant changes in ALFF values before RT. However, after RT, ALFF values significantly decreased in the lingual gyrus, calcarine sulcus, and medial prefrontal gyri and the cingulate cortex \[Table [2](#T2){ref-type="table"} and Figure [2](#F2){ref-type="fig"}\].

###### 

Regions that showed significant changes in ALFF values and functional connectivity between the baseline and after RT in NPC patients and between NPC patients and controls.
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![Significant differences in the cerebral functional alterations of NPC patients before and after RT. The left part shows regions with an abnormal ALFF, and the right part shows abnormal regions of functional connectivity. For NPC patients before and after RT, decreased ALFF values were mainly found in the bilateral cerebral regions, including the calcarine sulcus, lingual gyrus, cuneus, and superior occipital gyrus (left). Decreased FC values were mainly seen in the default mode network, including the precuneus, PCC, mPFC, parahippocampus, lingual gyrus, fusiform gyrus, calcarine sulcus, and cuneus (right) (*P* \< 0.05, corrected for multiple comparisons with the AlphaSim program). ALFF: Amplitude of low-frequency fluctuation; FC: Functional connectivity; mPFC: Medial prefrontal cortex; NPC: Nasopharyngeal carcinoma; PCC: Posterior cingulate cortex; RT: Radiotherapy.](cm9-132-1563-g003){#F1}

![Significant differences in the ALFF values and functional network connectivity between NPC patients and healthy controls. The left part shows abnormal regions in NPC patients before RT compared with healthy controls, and the right part shows abnormal regions in NPC patients after RT compared with healthy controls. There are no significant changes in ALFF values and FC before RT (upper and lower left). After RT, decreased ALFF values were observed in the lingual gyrus, calcarine sulcus, medial prefrontal gyrus, and cingulate cortex (upper right) (*P* \< 0.05, corrected for multiple comparisons with the AlphaSim program). Decreased FC values were observed in multiple cerebellar--cerebral regions, including the cerebellum, parahippocampus, hippocampus, fusiform gyrus, inferior frontal gyrus, inferior occipital gyrus, precuneus, and cingulate cortex (lower right) (*P* \< 0.001, corrected for multiple comparisons with the AlphaSim program). ALFF: Amplitude of low-frequency fluctuation; FC: Functional connectivity; NPC: Nasopharyngeal carcinoma; RT: Radiotherapy.](cm9-132-1563-g004){#F2}

Neural network functions
------------------------

FC analyses showed that after 7 weeks of RT, FC was significantly reduced between the seed and several cortical regions that were mainly involved in the default-mode network (DMN), including the precuneus, posterior cingulate cortex, medial prefrontal cortex, and some other regions such as the parahippocampus, cuneus, lingual gyrus and fusiform gyri, and calcarine sulcus \[Table [2](#T2){ref-type="table"} and Figure [1](#F1){ref-type="fig"}\]. There was no significant difference in connectivity before RT. After RT, patients showed decreased connectivity in multiple cerebellar--cerebral regions, including the cerebellum, parahippocampal gyrus, hippocampus, fusiform gyrus, inferior frontal gyrus, inferior occipital gyrus, precuneus, and cingulate cortex, compared with controls \[Table [2](#T2){ref-type="table"} and Figure [2](#F2){ref-type="fig"}\].

OAR dose
--------

The detailed dosimetric results of major OARs for all NPC patients are shown in Table [3](#T3){ref-type="table"}. The dose--volume histogram for a representative patient is shown in Figure [3](#F3){ref-type="fig"}.

###### 

Detailed dosimetric results of major OARs in NPC patients.
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![Dose--volume histogram of one representative NPC patient. GTVnd: Gross tumor volume of positive neck lymph nodes; GTVrpn: Gross tumor volume of retropharyngeal lymph nodes; NPC: Nasopharyngeal carcinoma; PGTVnx: Planning gross tumor volume of nasopharynx; PTV1: High risk planning target volume.](cm9-132-1563-g006){#F3}

Discussion
==========

Using the comparison data from NPC patients before and after RT, this study revealed cerebral functional deficits immediately after radiation treatment. After approximately 7 weeks of RT, NPC patients showed significantly decreased ALFF values relative to those during pretreatment in the bilateral calcarine sulcus, the lingual gyrus and superior occipital gyri, and the cuneus. For FC, significantly decreased correlations were mainly in the DMN, including the precuneus, posterior cingulate cortex and medial prefrontal cortex. Compared with the controls, there were no significant differences in ALFF values and FC before RT. However, patients after RT showed regional function changes and FC alterations in several regions. These findings indicated that radioactive rays influenced human brain functions much earlier than morphologic changes. This may be the potential reason that cognitive impairments emerge in the normal-appearing brain of NPC patients after RT.

In the present study, we found that ALFF values decreased in the bilateral calcarine sulcus, lingual gyrus, cuneus, and superior occipital gyrus after RT. Generally, these regions have been regarded as visual centers, and previous functional MRI results have shown that dysfunction in these regions is related to visual problems.^\[[@R25],[@R26]\]^ Regarding surviving NPC patients, numerous studies have suggested that many patients develop impairment of the optic path, such as visually evoked potential changes, radiation retinopathy, and dry eye syndrome, 1 to 22 years after RT.^\[[@R27]\]^ The functional alterations in the visual cortex in our study may be the early signs for these visual problems. In addition to the visual functions, recently, some studies have found that these occipital regions are related to cognitive deficits and working memory impairment in patients with diseases such as Alzheimer\'s disease^\[[@R28]\]^ and generalized anxiety disorder.^\[[@R29]\]^ These findings remind us that the late complications in cognitive deficits such as poor memory may also be related to these regions. Although the exact physiopathological mechanism of these regional functional changes is unclear, our findings provide new insights into the radiation-induced neural activity impairments and may show the most sensitive regions affected by RT. Further research is needed to clarify its cause and consequences.

Regarding the FC results, our study identified decreased FC mainly in the DMN in the survivors of NPC patients after RT. DMN is thought to represent self-projection, scene-construction, cognitive sciences and so on.^\[[@R30],[@R31]\]^ Previous studies have suggested that the activity of DMN was decreased in normal aging persons with cognitive decline and Alzheimer\'s disease patients.^\[[@R32],[@R33]\]^ These findings demonstrated that DMN is associated with neurocognitive alterations. Recently, Ma *et al*.^\[[@R14],[@R15]\]^ found that the abnormalities of DMN in the NPC patients after RT 6 to 87 months later. They selected 10 or 160 seed regions to detect alterations in FC, and significant correlations were observed between the functional connections and MoCA scores. In our study, we also found alterations in FC after RT. However, no significant correlations were found between the functional connections and MoCA tests. This is most likely due to our short intervals after RT (only 1 day), and the longitudinal designs of long-term follow-up are continuously needed. It is worth mentioning that the participants included were from two independent samples, and our self-controlled study may provide more direct evidence about the alterations of the functional network.

It is noteworthy that parahippocampal function also showed a significant reduction in the FC results. Previous studies have suggested that radiation can induce neural microenvironment changes and alterations in the cellular synapses for neurotransmitters such as N-methyl-D-aspartate and gamma-aminobutyric acid after irradiation utilizing *ex vivo* brain slices.^\[[@R12],[@R34]\]^ Additionally, based on a rodent model, radiation can induce transient hypoxia that may reverse learning and memory abilities.^\[[@R35]\]^ These biochemical modifications may provide evidence for the basic functional changes. Presently, it has been proven that the parahippocampus is essential for long-term memory processing, especially for spatial memory, learning, and audition.^\[[@R36],[@R37]\]^ Our findings showed that the abnormity of the parahippocampus may reveal the reasons that NPC patients displayed memory loss and language ability deficits after the completion of RT in 12 to 26 months, whereas no organic temporal lobe abnormality was found in the images.^\[[@R8]\]^ More systematic studies about the alterations in NPC patients after RT need to be conducted.

Compared with controls, there were no significant differences in ALFF values and FC before RT. This is not surprising because the tumor is in the nasopharynx, and patients receive no treatment before they are recruited. After treatment, we found that there were some cerebral function regions that presented significant changes, including the lingual gyrus, calcarine sulcus, medial prefrontal gyrus, cingulate cortex, cerebellum, parahippocampal gyrus, hippocampus, fusiform gyrus, inferior frontal gyrus, inferior occipital gyrus, and precuneus. These alteration regions were extensive and unconnected, likely because of irradiation and disease; functional changes could occur following carotid artery blood supply insufficiency from the tumors or metastatic lymph nodes invading the neck and skull base.^\[[@R38]\]^

Some limitations of this study should be considered. First, the statistical power of the results is limited. Given the small sample size, the findings in the present study are exploratory, and the results should be considered with caution. Second, although there were no statistically significant results when we compared the ALFF data of patients with and without chemotherapy (seven *vs*. eight) in an independent pilot test, the interference of concurrent chemotherapy should be considered. Future studies need more subgroups to clarify the damage of RT to NPC patients.

In conclusion, the current study revealed that RT in NPC patients leads to regional synchronous neural activity and FC alterations in the short term. These findings provide new insight into the neural system effects of the RT mechanism. The long-term follow-up of patients with NPC may help clarify how alterations in brain function evolve over time and how these changes relate to the treatment sensibility and whether these functional changes could recover. These findings also suggest that novel neuroimaging approaches have the potential to provide useful biomarkers to both investigate the mechanism of RT and tracking clinical dosage effects to optimize and individualize patient treatment.
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